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Abstract 
Milk contains different types of colloidal 
or coarsely dispersed particles, such as casein 
micelles, membrane fragments, fat globules and 
cells. The fat globules are composed of sub-
populations of differently sized particles. In 
contrast to COW 1 S milk, the overall average 
diameter (dys), increases with advancing lactation 
from about 1.8 ~min colostrum to 4.0 ~min mature 
milk. Membrane materials originating from the milk 
fat globule membrane, plasma membrane, secretory 
vesicles and other sources can be found in milk 
serum. These particles have also been called 
lipoprotein particles. Their size ranges from 
about 10 - 400 nm. New results concerning the 
structure of human milk casein particles show that 
their average size is considerably smaller than in 
cowls milk and that their average diameter tends 
t~ increase with advancing lactation. dvs in human 
m1lk ranges from about 11 -55 nm, in COW 1 S milk 
from approximately 90 - 100 nm. The structure 
of the acidified or renneted human milk differs 
significantly from that of equally treated cow 1 s 
milk. In human milk there is no coagulation at 
all or the coagulum appears much looser than in 
bovine milk. The different types of cells in human 
milk have diameters in the range of about 8- 40 ~m. 
A sharp decrease in the total cell number from 
about 3. 106/ml in colostrum to 104 - 105/ml in 
mature milk can usually be observed. The relative 
amount of each type of cell varies in the course 
of lactation. The epithelial cells, typically 
15 - 20 ~m in diameter, become the predominant 
type after 2 - 3 months. 
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Introduction 
The renewed interest in breast feeding also 
has stimulated research on human milk and drawn 
attention to its unique biochemical composition 
and various protective properties (see e.g. re-
view in ref. (13) and (64)). Several reviews on 
the composition, as well as the biochemical, 
physiological and nutritional aspects of breast 
milk appeared in recent years (e.g. see (10, 13, 
38,65-67,81)). In these reviews, however, little 
attention has been paid to structural aspects, 
for example, to the characteristics of the fat 
emulsion and the colloidal dispersion of casein 
particles. The structure and properties of the 
dispersed phases are interesting from a bio-
physical, nutritional and technological point of 
view. Precise knowledge of the fine structure, 
size distribution and other physical properties 
of the dispersed particles can lead to a better 
understanding of the process of milk secretion in 
the mammary gland and later of the behaviour of 
milk in the stomach and intestine. Furthermore, 
the choice of suitable methods for collection, 
storage, analysis and processing of breast milk 
depends on detailed knowledge of the nature and 
stability of the main particulate constituents 
i.e. the casein particles, fat globules, membrane 
fragments and cellular components. The approxi-
mate size and concentration of these structural 
elements of human milk is shown in Fig. 1. 
This paper intends to draw attention to 
these particulate constituents, reviews the cor-
responding literature and presents new data on 
the size and composition of human casein micelles 
at various stages of lactation. Other milk 
constituents than those mentioned above, for 
example, whey proteins, low molecular weight 
components, etc. will not be considered (see 
dashed line in Fig. 1). 
Synthesis and secretion of milk fat and casein in 
mammary gland cells 
Cytological studies of milk synthesis contrib-
ute to our understanding of milk structure. The 
cytology of milk secretionstudied most extenively 
is that of the ruminant species and rats (8,16, 
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Fig. 1. Size and concentration of the main par-
ticulate constituents of human milk. 
Approximate numerical values are compiled from 
references (90), (98) (membrane fragments), (12), 
(57) (cellular components) and (107) (fat globu-
les). Data for casein particles are from the 
authors' laboratory (see Table 7). The spherical 
or folded membrane fragments have also been call-
ed "lipoprotein particles". 
25,40,41,59,80,97, 109,118, 132). Although there 
are considerable species variations in the rela-
tive amounts and types of protein and lipid, the 
process of secretion has many common features. 
A schematic drawing of a cross-section of a cell 
in the epithelium of a lactating mammary gland 
is shown in Fig. 2 (80). More details can be 
seen on the electron micrograph of a thin-section 
of the apical part of a lactating cell (Fig. 3 
(22)). 
Milk fat 
A detailed picture of pathways for the bio-
synthesis of milk fat, which predominantly con-
sists of triglycerides, has been given by Baumann 
& Davis (9). The fatty acids utilized for milk 
fat synthesis arise from two sources, circulating 
lipids in the blood (long-chain fatty acids) and 
de novo synthesis within the mammary cell (short-
chain fatty acids). Milk phospholipids, which 
comprise about l %of the milk lipids and are 
associated with the fat globule membrane, appear 
to originate from de novo synthesis within the 
mammary gland (35). Cholesterol and cholesterol 
esters originate both from uptake from the blood 
and from de ·novo synthesis within the mammary 
gland. Recent results indicate that cholesterol 
is derived principally from serum cho lesterol 
(83). The latter seems to accumulate in the de-
veloping fat globule in a manner paralleling 
triglyceride accumulation (71 ). The fat globules 
are initially formed throughout the cell but 
particularly in the region of the cellular base 
(90, 118). The droplets grow in size as they 
move towards the apical cell membrane and eventu-
ally are extruded into the alveolar lumen, sur-
rounded by an envelope of cell membrane. It has 
been shown that the membrane of the secreted fat 
globules is derived from both the apical surface 
of the secretory cells and mature Golgi vesicle 
membranes (40, 132,133 and reviews in 58,70,98). 
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The loss of membrane material is compensated for 
by the fusion of the envelope of the secretory 
vesicles (Fig. 2). Franke et at. (41) est~mated 
that, during the period of maximal lactat1on, 
bovine mammary epithelial cells must repla~e 
plasma membrane material equivalent to the 1r en-
tire apical surface within 8-10 hours. In-
clusions of cytoplasmatic material between the 
fat globule and the unit membrane has often been 
observed (58, 133). Milk fat globules of many 
species show a dense 10-50 nm thick layer sand-
wiched between the milk fat globule membrane and 
the outer shell of the fat droplet (41,42). 
Wooding (133) reported that the initial milk fat 
globule membrane rapidly disi~tegra~es after. 
secretion by a process of ves1culat1on, leav~ng 
a thin envelope and that this accounts for v1r~ 
tually all of the membrane material in skim milk. 
Thin section observations revealed only patches 
of the initial unit membrane. The quantitative 
significance of this process has been questio~ed 
(see e.g. discussion in 98). Other authors_po1nted 
out that different kinds of mem~rane mater1als may 
exist in milk serum such as : vesicles derived 
from plasma membrane, milk fat globule membrane, 
secretory vesicles and endoplasmic reticulum·, 
sloughed microvilli, membrane-enclosed viruses 
and membranes from free cellular components (98, 
119). The milk fat globule membrane comprises 
about 2 %of the total weight of milk fat (90). 
The thickness of the fat globule membrane varies 
from place to place and the reported numerical 
values, calculated from composition or measured 
on electron micrographs of thin sections, range 
from 5 to 50 nm (90, 42). 
The volume fraction of the lipid droplets as 
per cent of the total cytoplasmic volume has been 
measured in mouse mammary glands by Hollmann & 
Verley (58, 59). The fat droplet volume increased 
during pregnancy up to about 40 % and decreased 
in the course of lactation to approximately 10 % 
(Fig. 4). A morphometric study of rat mammary 
tissue revealed a two phase growth in droplet 
size between the basal and apical part of the 
cell (118). Nine to twenty-six individual droplets 
were counted within the cells. No coalescence of 
globules was observed inside the cells on electron 
micrographs. However, the coat of casein micelles 
containing vesicles has been observed to interact 
with the surface of forming fat droplets (40). In 
goat mammary glands the time required for syn-
thesis and secretion of the larger milk fat glob-
ules was estimated to be about 3-4 h (118). The 
smaller ones are probably secreted in a shorter 
time (30-60 minutes (58)). The mammary gland 
cells of several species were found to contain 
two populations of fat droplets : smaller ones 
(< 1.5 ~m), occurring throughout the cell and 
larger ones( > 1.5 ~m), found mainly near the 
apical cell membrane. A large increase in droplet 
size near the secretory region was found to 
occur in lactating cells of the cow, cat, rabbit 
and rat (118). 
Particulate constituents of human milk 
basal membrane 
blood stream 
Fig. 2. Schematic drawing of a lactating epi-
thelial cell of the mammary gland. 
Fat droplets, formed throughout the cell, move 
towards the apical part of the cell and event-
ually emerge into the lumen, surrounded by an 
envelope of apical plasma membrane. Milk proteins, 
initially synthesized on the rough endoplasmic 
reticulum, move to the Golgi apparatus where 
phosphorylation, glycosylation and incorporation 
of calcium into the aggregating casein micelles 
occurs. Vesicles containing proteins and other 
milk constituents bud off the Golgi region, move 
towards the apical cell boundary and discharge 
their content into the lumen. (Redrawn with 
some modifications from a figure by Larson (80), 
with kind permission of the author). 
*- 60 ante partum 
"' QJ 
.g 40 
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Fig. 4. Relative volume of fat globules in 
mammary gland cells during pregnancy and 
lactation 
(as % of cytoplasmic volume; data from Hollmann 
& Verley (59), mouse mammary gland). 
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Fig. 3. Apical regions of the epithelial cells 
of lactating rat mammary gland. 
l : casein micelle in the lumen; 2 : fat glob-
ule; 3 : flattened cisterns of the Golgi appar-
atus containing submicelles; 4 : vesicles con-
taining caseins at different stages of aggre-
gation; 5 : rough endoplasm~c reticulum. 
(From Buchheim and Welsch (22)). 
Fig. 5. Golgi region of lactating rat mammary 
gland cell. 
Three Golgi vesicles showing individual and 
fully aggregated casein submicelles. (From 
Buchheim and Welsch (22)). 
Caseins 
The caseins are synthesized from free amino 
acids most of which are absorbed from the blood 
stream. The rate of casein biosynthesis is very 
high compared to that for other proteins (ap-
proximately 5 g casein in 24 hours in the human 
and about 450 gin the cow (86)). Synthesis of 
the polypeptide chains occurs at the rough endo-
plasmic reticulum which is rich in bound ribo-
somes. Following polypeptide synthesis, the 
caseins leave the ribosomes on the outer surface 
of the rough endoplasmic reticulum, most prob-
ably after enzymatic removal of a signal sequence 
(45). Phosphorylation of the caseins is believed 
to occur later in the Golgi region by a membrane 
bound protein kinase (11). Also, some caseins, 
for example K-caseins, are glycosylated in the 
same Golgi region and calcium is incorporated 
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into the aggregating caseins (129, 80). A first 
step in the aggregation process, where calcium, 
phosphate and citrate play an important role (61, 
72, 102, 103, 105, 110, 120, 123) leads to the 
formation of small particles called submicelles 
(22, 44, ll5). In contrast to cow's milk only a 
small amount of the calcium is in a colloidal form, 
associated as a calcium phosphate complex with 
the casein (76). In their electron microscopic 
study of lactating rat mammary gland cells, Buch-
heim and Welsch (22) found that submicelles orig-
inate in flat Golgi cisterns and concentrate in 
voluminous vesicles to form the final, spherical 
micelles of various sizes (Fig. 5). The vesicles 
move towards the apical cell boundary and fuse 
with the plasma membrane, releasing the caseins 
into the glandular lumen. Post-secretory aggre-
gation may lead to extremely large particles, 
particularly in colostrum (16). It has been ar-
gued that aggregation in the alveolar lumen is a 
result of continuing co-precipitation of casein 
with calcium-phosphate (16). 
The fat emulsion 
Composition and concentration 
Milk lipids have a very complicated compo-
sition and structure. The composition varies some-
what with the diet (54, 66, 68, 70) and stage of 
lactation (Table l, 46, 63). The main lipid 
classes found are : tri-, di- and monoglycerides, 
free fatty acids, phospholipids, sterols, sterol 
esters, hydrocarbons and fat soluble vitamins (13, 
66). The triglycerides comprise about 98 % of the 
total lipids in milk. Typical fatty acid (Table 
2) composition of human and cow's milk are shown 
graphically in Fig. 6. The most pronounced dif-
ferences are observed in the amounts of short-
chain fatty acids, lauric and unsaturated linoleic 
acid (13, 15, 66, 79). Colostral and transitional 
milk were found to differ in fatty acid compos i-
tion (46, 63) : lower colostral levels were found 
for lauric acid (C 12:0) and higher colostral 
levels for palmitoleic (C 16:1), oleic (C 18:1) 
and some further unsaturated acids v1ith 20 or more 
carbons (C 20:1, C 20:2, C 20:4 and C 22:6). Ma-
ture milk differed from transitional milk only in 
the lower content of C 22:6. 
The major part of the milk lipid is found in 
dispersed fat globules. Some workers found a cer-
tain amount to be associated with the casein par-
ticles and acid precipitated caseins (e.g. 2, 14, 
26). It must be considered, however, that lipids 
associated with membranes of skim milk can sediment 
along with casein particles. Bracco & Bauer (14) 
analyzed the distribution of various milk lipids 
among the fat, the fat globule membrane and the 
casein particles The corresponding data are sum-
marized in Table 2 (fatty acids) and Table 3 
(phospholipids and various other minor lipids). 
The concentration of fat in milk changes 
during lactation, in the course of suc ~ ling as 
well as diurnally (3, 39, 53, 54, 63, 131). In 
contrast to changes in the total amount of lipids 
the fatty acid composition of the milk fat seems 
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to remain a constant throughout the day (54). 
Fig. 7 shows recent data on the change of 
fat content in the course of human lactation (53). 
The fat content significantly increases during 
the first post partum week. Similar results were 
reported in other publications (3, 63). 
Structure and size distribution 
Fig. 8 shows a fluorescence micrograph of 
the emulsion of human milk fat globules together 
with an electron micrograph of a freeze-fractured 
globule in human milk and a freeze-fractured 
sample of homogenized cow's milk. The fluorescence 
micrograph was obtained using a diluted, 5-day 
post partum sample, which was stained with Nile 
Blue A (Chroma-Gesellschaft, Schmid & Co., Stutt-
gart, FRG). This simple and rapid preparation 
technique was found to be useful for investigating 
the size distribution of fat emulsions (121). 
Fig. 8b shows intramembranous particles as 
well as particles on the surface, similar to those 
observed on other freeze-fractured milk fat glob-
ule membranes (20, 100). Spherical and folded 
membrane fragments with diameters between 30 and 
400 nm can be observed in milk serum (20, 98, 100, 
11 3, 119). Part of these membrane fragments detach 
from the fat globules after storage and mechanical 
treatment (20, 100). By ultracentrifugation of 
skim milk, membrane material can be seen as a fluffy 
layer on top of the casein micelles. In this layer, 
spherical and sac-like vesicles could be identified 
as microvilli sloughed from the surface of mammary 
cells (119). The "milk microsomes" or "lipoprotein 
particles" described earlier (89) most probably 
correspond to the membranous material discussed 
above (98). 
Fig. 9 shows spherical particles in the serum 
of human (a) and cow's (b) milk which most prob-
ably correspond to membrane cerived particles (21, 
43, 100). These membrane fragments usually show both 
areas free and covered with small particles (100). 
Almost all milk fat exists in the liquid 
state at the temperature of freshly secreted milk 
(90). During cooling of milk, high-melting point 
fractions of the fat crystallize in layers at the 
periphery of the globules and lower melting point 
fractions remain liquid in the inner core. This 
conclusion was drawn from electron microscopical 
observation of freeze-fractured fat globules (18, 
19). 
The size distribution of fat globules in milk, 
similar to that within the secretory cell (118), 
is composed of sub-distributions (107). Fig. 10 
shows typical number frequency curves of fat 
globules in colostrum, transitional and mature 
breast milk which were obtained using a conducto-
metric method (106, 107). The shape of these 
curves suggests the presence of three sub-popula-
tions of different-sized particles. Sub-distri-
butions have already been observed in cow's milk 
(77, 124). The postulated sub-population of small 
globules with a size frequency maximum around l ~m 
comprises 70 - 90 % of the total number of globules 
but only a few percent of the fat volume or weight. 
The population of medium-sized globules with a 
frequency maximum at about 4 ~m comprises the 
Particulate cons t ituents of human milk 
Table 1 : 
Content of fat, proteins 
and some mineral components 
in human and cow's milka 
Table 2 : 
Distribution of fatty acids 
in human milka 
Table 3 : 
Distribution of phospholipids 
and various other minor 
lipids in human milka 
Units/ Human milk Cow's milk 
Component 100 ml colostrum transitional mature mature 
Fat g 2.9 3.5 4.0 3.8 
Fatty acids 
essential g 0.3 0.4 0.1 
saturated g 1.4 1.7 1.9 1.1 
unsaturated g 1.5 1.8 2.2 3.0 
Proteins : g 4.1 1.6 0.9 3. 3 
caseins g 1.6 0.5 0.25 2.7 
a-lactalbumin g 1.1 0. 4 0.26 0.1 
Minerals : 
calcium mg 39 40 31 120 
phosphorus mg 14 18 15 92 
magnes i urn mg 4 3.5 3.8 12 
potassium mg 74 64 53 157 
sodium mg 48 29 16 48 
aData compiled by Blanc (13) 
% of total lipids 
fat globule bound to 
Fatty acid fat globule membrane caseins 
Saturated : 
< clO 
myr1Stic 
palmitic 
stearic 
arachidic 
> c2o 
Monounsaturated 
lauroleic 
palmitoleic 
oleic 
Po lyunsa tura ted 
linoleic and isomers 
!so- acids : 
< c Me-~2 Me-tridecanoic 
Me-12 Me-pentadecanoic 
Me-12 Ne-heptadecanoic 
Me-12 Me-nonadecanoic 
tetramethylhexadecanoic 
> c2o 
aAfter Bracco and Bauer (14) . 
3.1 
8.3 
24.6 
8.5 
0.3 
0.2 
0.1 
5.9 
33 . 3 
6.7 
0 . 1 
tr 
0.1 
tr 
0.1 
0.1 
0.1 
tr : traces 
2.5 1.6 
8.6 7.3 
29.2 28.4 
9.9 14.2 
0.6 1.8 
0.3 0.5 
0.1 0.1 
4.2 0.6 
35.6 24.5 
6.5 9.8 
0.2 2.2 
0.1 0.1 
0.2 0. 7 
< 0.1 0.6 
tr 0.4 
< 0.1 0.1 
0.1 0.1 
% of total phospholipids 
fat globule bound to 
Component fat globule membrane caseins 
Phosphatidyl ethanolamine 36.6 5 
Phosphatidyl choline 29.7 5 
Phosphatidyl inositol 4.6 70 
Sphingomyelin 26.2 15 
Lysolecithin 1.9 
Phosphatidyl serine 1.0 
Cho 1 estero 1 0.248 0.653 0. 710 
Dehydro-7-cholesterol 0.006 0.019 0.031 
Squalene 0.006 0.009 0.008 
a-tocopherol 0.014 0.016 n .d. 
Carotenoids 0.001 0.002 n.d. 
aData from Bracco and Bauer (14). n.d. not determined 
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Fig. 6. Fatty acid composition of human and 
cow•s milk lipids. 
(Data from Renner and Melcher (104)). 
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Fig. 7. Changes in fat content of human milk 
during lactation. 
Data from Guerrini et al. (53). The length of the 
bars corresponds to ± 1 standard deviation; re-
gression equation for the 6 first points is shown. 
Fig. 8. Fluorescence micrograph of human milk (a) 
and electron micrograph of freeze-fractured fat 
globule in human (b) and ultra-high temperature 
treated, homogenized cow•s milk (c). 
Fig . 8b .shows the inner surface of the fat globule 
membrane because the fat core has been fractured 
out of the globule. mpi: intramembranous particles, 
mps : particles on surface of milk fat globule, 
em : casein micelles; arrows point to fat-casein 
aggregates which are formed after thermal treatment 
and homogenization. Arrowhead indicates the 
direction of shadowing. 
30 
Particulate constituents of human milk 
Fig. 9. Electron micrographs of membranous 
particles in human (a) and cow's (b) milk 
serum. 
Freeze-fracture replica of defatted milk samples. 
mp : membranous vesicles "lipoprotein particles", 
em : casein micelles, sm : casein submicelles. 
Arrowhead indicates direction of shadowing. 
largest amount of fat but only 10 - 30 %of the 
number of globules. This is illustrated in Fig. 
11, where the volume-frequency has been plotted 
against the diameter scale. Similar to cow's milk 
(77, 124), a shoulder in the distribution curves 
around 8 - 12 wm indicates a sub-population 
of large particles. These contribute only 
about 0.01 % to the total number of globules but 
represent l - 4 % of the volume or weight of the 
milk fat. From the limited size of the secretory 
cells which produce the fat globules, it is to 
be expected that the population of large par-
ticles is a consequence of fusion of smaller 
globules after secretion (8, 58, 59) . 
Fig. 12. Changes of the number of small 
fat globules (a) (d = l- 1.5 wm), the 
average globule diameter (b), the speci-
fic surface area of the fat phase (c) 
and the distribution width (d) in the 
course of lactation . 
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Fig. 10. Typical number frequency curves of fat 
globules in human milk. 
The broken lines indicate possible positions of 
three components (Coulter Counter data, from 
RUegg and Blanc (107)). 
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Fig. ll. Typical volume frequency histograms of 
milk fat globules at three different stages of 
lactation. 
(Same samples as in Fig. 10 (107); for symbols 
used see appendix). 
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The contribution of the sub-distributions 
to the total distribution changes with advancing 
lactation. Fig. 12a shows that there is about a 
10-fold decrease of the number of globules with 
diameters between 1 and 1.5 ~m during the first 
two months of lactation. The fraction of large 
globules also decreases but the main fraction of 
medium-sized particles increases in the course of 
lactation (Fig. 10). These changes affect the 
size-related parameters such as the overall mean 
globule diameter (Fig. 12b), the surface area 
(Fig. l2c), the distribution width (Fig. l2d), 
etc. The volume/surface average diameter, d s' 
increases from about 1.8 ~m in colostrum tov 
4.0 ~m after 4-5 months of lactation. A reverse 
situation is found in cow 1 S milk, where the 
average size of fat globules decreases with ad-
vancing lactation (69, 96, 124). The distribution 
width, expressed as coefficient of variation of 
the surface weighted distribution (cs, see appen-
dix), decreases from about 110% at 4 days post 
partum to 60± 5% after 90 days. The cs values 
for COW 1 S milk are smaller (47 - 52%)and show 
less variation (124). 
The total surface area of the fat globules 
decreases from about O.l 2m2 per ml of colostrum to an average of 0.05 m per ml of mature milk 
(Table 4, 107). The change of the specific surface 
area (m2 per unit weight of fat) with advancing 
lactation is shown in Fig. 12c. The surface 
area is related to the amount of membrane 
material surrounding the fat globules and there-
fore to the amount of some physiologically im-
portant components such as enzymes, phospho-
lipids, cholesterol, trace elements, etc., which 
are associated with these membranes (Table 2, 
70, 90). The membrane material comprises about 
2 % of the weight of milk fat and is important 
for the stability of the emulsion. There are 
about 11 mg of membrane components per m2 of fat 
surface area in COW 1 S milk (90). If the same 
value is used for human milk , an amount of 0.3 
to 1.7 mg of membrane materi~l per ml of milk is 
obtained. 
If there are any differences in the compo-
sition of different-sized fat globule~ they 
must be rather small. Mulder and Walstra (90) 
have summarized the conflicting results reported 
on this subject. The same authors concluded that 
small globules are more stable than large ones. 
In contrast to cow 1 s milk, creaming of fat 
globules in human milk has not yet been studied 
in detail.However, it is to be expected that the 
same mechanisms apply to both human and COW 1 S 
milk and that natural creaming is mainly deter-
mined by the cluster formation through agglutin-
ative properties of the milk (90, 17). A cluster-
promoting agent in COW 1 S milk was found in the 
Table 4 : 
Important parameters of the fat globule dispersion in human colostrum and mature human and COW 1 S milka) 
Parameter b) Human colostrum Mature human milk COW 1 S milk Homogenized 
cow 1 s milk 
Average S.D . Average S.D. Range Range 
Fat content (%, W/v) 2.6 l.O 3.3 0.6 3.7-4.1 
Number of globules per ml of milk c) rv6 1010(2"1010) rv l.l •10 10 (3·lo9) "'1 . 5 . 1010 
3.7-4.1 
1012 - 1014 
Number of globules over 1 ~m per 
1 o9 2·109 ml of milk 6 
Surface area of fat per ml of 
mi 1 k ( m2) 0.097 0.025 
Surface area of 1 g of fat ( m2 ) 3.3 0.5 
Number average diameter, dn (~m) 0.59 
Volume average diameter, dv (~m) 0.93 
Volume/surface average diameter 
d vs ( ~m) 1.8 
Volume moment average diameter 
d vm ( ~m) 3.7 
Distribution width, c (%) 100 
s 
a) After Ruegg and Blanc (107) 
b) For symbols and definitions see appendix 
c) Estimated by extrapolation of volume-frequency 
functions (human milk) 
0.05 
0.07 
0.3 
l.O 
17 
32 
1.7 . 109 5 . l o8 
0.054 0.013 
1.4 0. l 
0.81 0.08 
1.8 0.2 
4.0 0.3 
5.2 0.4 
58 6 
1.5-9. 109 
0.06-0.12 
1.4-2.9 
0.7-1.0 
1.5-2.1 
2.5-4.6 
2.9-5.5 
40 - 47 
0 .4-l. 2 
10 - 30 
0.2-0.7 
0. 3-1 . 4 
80 - 100 
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immunoglobulin fraction (IgM, see review in (17)). 
Table 4 summarizes important parameters of 
the fat globule dispersion in human colostrum 
and mature human and cow's milk (107). Data on 
homogenized cow's milk are included because most 
of the milk formulae used to replace human milk 
have been homogenized. 
The colloidal casein particles 
Composition and concentration 
Casein constitutes only about 20 - 40 % of 
the protein in human milk (55~ whereas in cow's 
milk it accounts for about 80 %. The composition 
of the casein fraction, which is usually defined 
as the protein precipitated at pH 4.6 (2, 75), 
changes markedly with advancing lactation. 
Table 5 shows average values for the composition 
of whole human casein and gives corresponding 
data for cow's milk casein. A significant de-
crease of the amino sugar and phosphorous con-
tent as well as the yield of recovery of human 
casein was observed in the first post partum 
month (29). 
Table 5 : 
Composition of human and cow's casein 
Component 
Nitrogen 
Phosphorus 
Neutral sugars 
Ami no sugars 
Sialic acid 
Casein yield (g/l)' 
Human a 
14.00 
0.42 
3.17 
l. 99 
0.60 
3.37 
g/100 g 
aClement et al. (29) (4 samples) 
b Cow 
15.25 
0.85 
0.38 
0.36 
0.36 
23.5 
bAlais & Jolles (2) (3 samples 32 days post 
partum) 
An example of the change in amino acid compo-
sition in the course of lactation is given in 
Table 6. Human casein is heterogeneous electro-
phoretically and the components seem comparable 
to the a -, B- and K-caseins of cow's milk. Co-
lostral ~nd transitional milk caseins give 
electrophoretic patterns differing from those of 
mature milk (6, 93). At the beginning of lacta-
tion (l-4 days postpartum), the characteristic 
pattern of S-casein was not observed (6). 
B-casein is the major component of the human 
casein fraction (50 - 65 %) and exhibits 6 dis-
tinct electrophoretic bands representing poly-
peptide chains with 0 - 5 phosphate groups at-
tached (50, 52). The a-component which represents 
only about 10 % of whole casein (38) was found 
to separate into 3 electrophoretic bands but has 
not yet been characterized in more detail (65). 
33 
Table 6 : 
Amino acid composition of whole casein from 
human and cow's milk 
Human milk caseina 
Co los- Transi- Ma-
Constituents tral tional ture 
(g/100 g protein) 
Aspartic acid 8. 77 
Threonine 4.82 
Serine 5.09 
Glutamic acid 18.09 
Proline 8.00 
Glycine 2.46 
Alanine 4.30 
Cystine 1.80 
Valine 5.85 
Methionine 1.95 
Isoleucine 5. 18 
Leucine 8. 30 
Tyrosine 5.02 
Phenylalanine 3.93 
Lysine 5.23 
Histidine 2.64 
Arginine 4.85 
Tryptophan l. 39 
aAfter Nagasawa et al. (93) 
bAlais & Blanc (l) 
8.47 6.82 
4.07 4.05 
4.30 4.25 
21 .03 21.87 
ll. 47 13.86 
l. 80 l. 37 
3.55 3.00 
0.55 0.48 
5.87 7.48 
2.01 2.05 
5.70 5.90 
9.47 l 0. 39 
5.21 5.28 
3.99 3.56 
5. 72 5.79 
2.84 2.47 
3.76 2.79 
l. 47 1.06 
Cow. b 
case1n 
6.49 
4.40 
5. 72 
20.26 
10.28 
2.26 
2.79 
0.65 
6.45 
2.50 
5.52 
8.37 
5.57 
4.71 
7.30 
2.69 
3.60 
l. 55 
Also, K-casein has not yet been isolated in a pure 
form, but from its chymosin digest the pure 
caseinoglycopeptide was obtained and analyzed (37). 
K-casein which seems to account for about 20 - 27 
% of whole casein (10, 38) is a glycoprotein and 
is important for the stability of the distinctive 
micelles in which caseins occur along with calcium, 
phosphate, citrate and other minor substances (52, 
120). 
The mineral salts associated with the casein 
particles are involved in maintaining the struc-
tural integrity of the casein micelle. There is a 
significant difference between the protein : 
Ca : P ratio in human milk and that in milk 
other species (134). In human milk the ratio was 
reported as l :0.039:0.017 and in cow's milk as 
l :0.039:0.031 (65). About 40 % of the calcium and 
20 % of the inorganic phosphorus of human milk is 
probably associated with the casein micelles (65). 
An additional fraction of the phosphorus is ester 
bound in casein. Together with that bound to 
phospholipids, this fraction amounts to about 20 % 
of the total phosphorus (65). The calcium content 
was found to decrease in the course of lactation 
by about 14 ~g/ml per month of lactation (122). 
Unpublished analyses in our institute indicate a 
similar, nearly linear monthly decrease of about 
8 ~g/ml. Citrate and phosphorus content also de-
creased with advancing lactation. The calcium 
content of the whey obtained by ultracentrifuga-
tion at 160 000 x g for 4 h decreased at a higher 
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rate. Fig. 13 shows the corresponding curves and 
those for the phosphorus and citrate, together 
with the calculated difference between the 
levels observed in the skim milk and whey (Ca . , 
) . m1 Pmi . These d1 fferences correspond to the 
fractions bound to the sedimented casein micelles. 
The analyses of the nitrogen content in skim 
milk as well as in whey obtained by ultracentri-
fugation and acidification to pH 4.6 of the same 
series of milk samples are shown in Fig. 14. The 
insert shows the change of the ratio of protein, 
which could be sedimented in the ultracentrifuge 
before and after adjusting the pH to 4.6. This 
fraction was terrr~d micellar casein. It increased 
during the first four months, most probably be-
cause of changes in the size distribution of 
casein micelles. The ratio of total Ca to total 
P concentrations did not change very much in the 
course of lactation (Fig. 15). The average ratio 
of 2.1 found in mature milk may be compared to 
that reported by other authors (1 .9- 2.2 (5)). 
However, the Ca:P ratio of the fractions asso-
ciated with the sedimentable casein micelles in-
creased from about 2 after the first months up 
to about 6 after 5 months of lactation. This 
could partially be explained by the change in 
citrate concentration. Citrate binds calcium and 
can affect the fraction associated with the 
casein micelles. 
The voluminosity (particle volume per unit 
weight) of the micelles has been estimated to be 
7.83 and 7.36 ml per g of casein, using measure-
ments of the intrinsic viscosity at 25 °C and 
35 °C, respectively (112). This value is very 
high compared to that for casein micelles from 
COW 1 S milk (3.7- 4.0 ml/g (125)). A negative 
correlation was observed between the volumin-
osity of casein micelles from several species 
and the colloidal calcium content of the corre-
sponding milk (112). 
Structure and size distribution 
Attempts to visualize casein micelles in 
human milk go back as far as 1908 but it was not 
possible to see colloidal particles in the so 
called ultramicroscope (microscope with dark-
field illumination; final magnification was 
about 1000 times) without pretreatment of the 
milk (78). Nitschmann (94) and Huth (62) were 
the first to publish electron micrographs of 
COW 1 S and human milk casein micelles. The tech-
niques of shadow-casting with gold (94) or stain-
ing with Os04-vapor (62) were used to prepare the casein particles for observation in the elec-
tron microscope. The milk was skimmed, diluted 
with appropriate CaC1 2-solutions and a drop transferred to a Formvar-covered grid before the 
staining procedures. Huth (62) found significant 
differences between the particle size distribu-
tion of human and COW 1 S milk. He measured 100 
particles on micrographs and found average di-
ameters of 30 nm for sterilized human milk and 
102 nm for pasteurized cow 1 S milk. 0 1 Agostini 
and Calapaj (32), using a similar shadow-casting 
technique for formaldehyde treated and diluted 
milk reported mean diameters of 49 nm for human, 
34 
97 nm for COW 1 S milk. They observed two size fre-
quency maxima in the distribution of casein mi-
celles. Later, Calapaj (23) reported a mean di-
ameter of 54 nm in human colostrum and 75 ± 4 nm 
in mature human milk. In COW 1 S milk the analysis 
revealed a mean diamater of 105 ± 3 nm. The fre-
quency maxima did not change significantly between 
the third and 150th day of lactation. Knoop and 
Wortmann (73) used for the first time ultra-thin 
sections of methacrylate embedded specimens for 
the size-analysis of human casein micelles. By 
counting 2740 particles they calculated a number-
mean diameter (dn) of 42 nm and a volume-mean 
diameter (dv) of 62 nm. The corresponding values 
for COW 1 S milk were 93 nm and 139 nm. By plotting 
the particle numbers against the corresponding 
relative diameter d/d , similar distribution 
cu rves for human and n COW 1 S milk as well as col-
ostrum of goats were obtained. An attempt was made 
to set up a mathematical formula for the common 
distribution function. The same authors later 
published results of a similar study on colostral 
milk (74). In samples obtained from one woman they 
observed a very fine dispersion of casein particles 
between the third and 12th day post partum, Ag-
gregation to larger granules was only observed at 
later stages of lactation. In COW 1 S and SOW 1 S milk, 
on the other hand, formation of casein micelles 
was observed already one day post partum. They 
supposed that differences in the relative amounts 
of the casein fractions could be responsible for 
the different degree of aggregation of casein 
particles. Using a negative staining procedure 
Calapaj (24) saw the casein micelles as aggregates 
of spherical granules. The diameter of the spheri-
cal subunits was measured and an average diameter 
of 6.1 ± 1.2 nm was calculated. For comparison the 
average diameter of the small granules in COW 1 S 
milk was estimated to be 8.0 ± 1.1 nm. From the 
size of the submicelles a molecular weight of about 
100 000 and 225 000 was calculated for the elemen-
tary casein complex in human and COW 1 S milk. The 
results on the size and structural features of 
casein micelles discussed so far, were obtained 
after chemical fixation and dehydration of milk 
samples. It is well known that the chemical reac-
tions and hydration-dependent conformational 
changes involved in these steps can cause arte-
facts. Therefore, the data obtained from the 
electron microscopical examination of such speci-
mens are somewhat uncertain. 
The freeze-fracturing technique, which was 
applied to human milk for the first time by Egg-
mann (36), involves basically a physical cryo-
fixation and is probably more suitable for re-
vealing the original structure and size of casein 
micelles. Eggmann (36) impregnated lyophilized 
powder of human milk with a glycerol solution as 
cryoprotective agent before freeze-etching. He 
confirmed earlier findings (73, 74) about the 
different sizes of the casein particles in col-
ostrum and mature milk. The diameter of the sub-
micelles, which in colostrum account for the 
largest amount of the casein, was found to be 
7.5 nm. The subunits in cow 1 s milk had a mean 
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Fig. 13. Ca and P distribution and concentration 
of citrate in human milk during the course of 
lactation. 
The points shown are mean values of 5-10 measure-
ments obtained in our laboratory. The Ca and P 
contents were determined in skim milk and whey 
obtained after ultracentrifugation (Catot• Cawhey• 
Ptot• Pwhe ). The differences between sk1m 
milk and w~ey (Cam;, Pm;) correspond to the 
fractions associated with the sedimented micelles. 
(The values measured in the whey have been 
corrected for the difference in protein content). 
diameter of 9.0 nm. Similar values (7.0 and 9.0 nm) 
were reported by other authors, who used the same 
procedures (51). It should be stated that the 
milk had been freeze-dried and partially rehydrated 
before the cryofixation. This could have affected 
the structure of the casein micelles. 
The development of rapid freezing techniques, 
which allow cryofixation of even dilute aqueous 
solutions or suspensions at extremely high cooling 
rates, makes it possible to examine untreated milk 
without any cryoprotectives (7, 91, 92). We used 
the propane jet-freezing technique (91, 92) for 
the cryofixation of fresh, uncooled human and 
COW 1 S milk. This technique basically involves the 
rapid freezing ( ~lo 000 K/s) of a very low mass 
specimen in a jet of liquid propane at 88 K. A 
gold grid is dipped into the liquid or pasty 
sample, placed between two copper foils and 
frozen in a jet-freezing apparatus*.Freeze-frac-
turing was performed at 108 K in a modified 
Balzers BAF 300 Freeze Etcher*. Evaporation of 
platinum/carbon was initiated immediately before 
fracturing. Details of the procedure have been 
described by Muller et a 1. ( 92). Electron micro-
graphs were taken with a Philips EM 301* at magni-
fications of approximately 20 000, 45 000 and 
70 000. The negatives were enlarged three times. 
The prints with the largest magnification were 
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Fig. 14. Protein distribution in human milk 
during the course of lactation. 
d 
The points correspond to mean values calculated 
from 5-10 measurements. The various protein 
concentrations were calculated from the nitrogen 
contents of the skim milk and whey obtained 
after ultracentrifugation of untreated and 
acidified skim milk (pH 4.6). The insert shows the 
average percentage of casein which could be sedi-
mented in the ultracentrifuge (for details see 
text). 
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Fig. 15. Ca : P ratios in human skim milk and 
casein micelles during the course of lactation. 
The points are average values calculated from 
5-10 measurements. The inorganic phosphorus, P., 
was calculated from the concentration differente 
in skim milk and acidified, ultracentrifuged 
whey. The Cam; : Pm; ratio was estimated using 
the corresponding smoothed curves in Fig. 13. 
used for measuring the diamter of the submicelles 
and the two other magnifications for counting and 
classifying the casein particles. A diameter class 
width of 10 nm was chosen. The magnification at 
135 000 was used for counting the particles of 
*Labor fur Elektronenmikroskopie I, Eidg. Tech-
nische Hochschule Zurich, Switzerland. 
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the smallest size ~lass, i.e. individual sub-
micelles with diameters between 5 nm and 10 nm. 
Particles smaller than 5 nm in diameter were not 
considered. Counting and sizing of the larger 
particles was performed on the prints with a 
final magnification of about 60 000. Because of 
the small number of large particles it was necess-
ary to analyse a s~rface area corresponding to 
about 350 - 400 ~m of fractured milk. Conversion 
of the observed, distorted size distribution of 
plane sections into the real distribution of 
spherical micelles was made using a method pro-
posed by Goldsmith (47), assuming a slice thick-
ness of 5 nm . 
Fig. 16 shows electron micrographs of 
casein particles in untrated human and COW 1 S 
milk, obtained by the technique described above. 
In both cases the submicellar structure of the 
larger particles is clearly seen. Typical par-
ticle numbers which can be counted on such micro-
graphs are shown graphically in Fig. 17. The 
ordinate of this figure is logarithmic and shows 
the number of particles observed per mm2 of frac -
tured surface area and per nm class width. The 
lowest curve is representative of human col-
ostrum, but it can also sometimes resemble ma-
ture human milk. In colostrum by far the greatest 
amount of casein occurs in the form of single 
submicelles. Fig. 18 compares a fractured speci-
men of colostrum obtained two days post partum 
with that of a mature milk. Analysis of the size 
of submicelles on such freeze-fracture replicas 
revealed differences between individual milk 
samples. An example of a size distribution of 
submicelles in human and COW 1 S mi1k is shown in 
Fig. 19. The number-mean diameter (dn) of the sub-
micelles in human milk varied between about 6 and 
8 nm . A slight underestimation of the diameters 
is possible because the casein submicelles most 
probably do not fracture along the surface but 
along zones of weaker chemical bonds in the core 
of the particle. There is also probably some 
plastic deformation during the fracturing pro-
cess. These features, together with the limit of 
resolution on freeze-fracture replicas lead to 
some uncertainty in the data in Fig. 19 and the 
corresponding values on submicelles in Table 7. 
With advancing lactation the fraction of single 
submicelles tended to decreas~ and the number of 
larger micelles tended to increase. Fig. 20 shows 
two examples of casein particle size distribu-
tions (number and volume frequency histograms) 
in human milk and, for comparison, a mature milk 
of a Simmental cow. As already mentioned in 
connection with Fig. 17, the histogram for the 
7 day post-partum sample is typical for col-
ostrum and transitional milk, but similar size 
distributions are also encountered in some 
samples of mature milk. 
Preliminary results obtained in our lab-
oratory on the size distribution of casein mi-
celles at different stages of lactation revealed 
a considerable variation in the size frequency 
maxima. As already mentioned in the discussion 
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of Fig. 17 and Fig. 18, some samples of mature 
milk predominantly contained submicelles and others 
a broad distribution with a volume frequency maxi-
mum in the range of 50 - 70 nm. This phenomenon 
might explain in part the different behaviour of 
individual milk samples during acid coagulation 
as observed by other authors (2, 6, 121). We noted 
that large micelles sometimes contained en empty 
core. Similar cavities have been observed in very 
large micelles of pre- and post-partum colostrum 
of cows (16). The mean diameters, dy and dvm' 
which we have calculated from the d1stribut1on 
functions are plotted as a function of the stage 
of lactation in Fig. 21. In spite of the great 
scatter the data indicate an increase in average 
micelle size in the course of lactation. An in-
crease in micelle size has already been suggested 
by the change of the amount of sedimentable casein 
as shown in Fig. 14. The decrease of citrate con-
centration with advancing lactation (Fig. 13) is 
also consistent with a higher degree of associa-
tion of caseins at later stages of lactation. It 
has been shown for artificial casein micelle 
systems that citrate, which binds calcium and thus 
reduces the colloidal calcium phosphate content, 
has a dispersing effect on micelles (114). Table 7 
summarizes important parameters of the colloidal 
casein dispersion in human milk and compares them 
with those of COW 1 S milk. 
Enzymatic and acid coagulation 
of casein particles 
The controlled destabilization of the col-
loidal casein dispersion is important for analyti-
cal and preparative purposes. Moreover, there is 
nutritional interest in casein coagulation, since 
curd formation can influence the digestion of 
caseins and associated milk constitutents by 
gastric enzymes in the stomach. 
Enzymatic coagulation 
When rennin (chymosin, EC 3.4.23.4) acts on 
COW 1 S milk caseins it releases a glycomacropeptide. 
This destabilizes the colloidal casein micelles, 
which aggregate and eventually form a curd. The 
so called primary phase of rennin-coagulation 
consists of the enzymatic hydrolysis of a Phe-Met 
peptide bond of bovine K-casein. The clotting of 
milk that follows rennin action, or the secondary 
phase of milk coagulation, is still not fully 
understood. A favoured hypothesis at present in-
volves a modification of electrostatic forces as 
a result of the action of rennin or of the fixa-
tion of additional calcium, which reduces the 
negative charge on the micelles (48, 49). Because 
of the loss of the hydrophilic glycomacropeptide, 
hydration is also reduced, but not to a great 
extent (82, 108). Voluminosity is, however, sig-
nificantly reduced and so probably is steric re-
pulsion (125, 127). An initial decrease of about 
5 nm in the hydrodynamic radius of bovine casein 
micelles after adding chymosin was observed using 
quasi-elastic light scattering (127). Payens (99) 
questioned the decisive role of electrostatic re-
pulsion in rennet coagulation and drew the 
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Fig. 16. Freeze-fractured casein micelles in 
mature human (a) and cow's milk (b). 
Fresh, uncooled milk samples were skimmed and 
cryofixed in a propane-jet-freezer (92) without 
adding any cryoprotectives. The submicellar 
composition is clearly seen. Arrowheads indicate 
direction of shadowing. 
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Fig. 18. Comparison of freeze fractured human 
colostrum (a, 2 days postpartum) and mature milk 
(b, 2 months postpartum). 
Individual submicelles predominate in colostrum. 
(Method of preparation see Fig. 16 and text). 
Arrowheads indicate direction of shadowing. 
Fig. 17. Number of casein particles observed in 
freeze-fractured human and cow's milk. 
The ordinate is logarithmic and gives the number 
of particles per mm2 and per nm class width. The 
distribution curve for the 7-day post-partum 
sample is typical for colostrum but can also be 
observed in some samples of mature milk. 
attention to other forces contributing to the 
stability of the casein micelles . 
A glycomacropeptide can also be hydrolyzed 
from human casein by the action of rennin (28, 37, 
84, 87), but the rennin-sensitive bond is Phe-Ile 
instead of Phe-Met as in cow casein (65, 87). Human 
glycomacropeptide has more prosthetic sugar groups 
and a higher percentage of secondary structure (37). 
However, human milk does not form a continuous gel 
after treatment with rennin (13, 121). Toyoda and 
Yamauchi (121) classified casein preparations from 
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Fig. 19. Estimation of the size distribution of 
casein submicelles in mature human and cow•s 
milk from freeze-fracture micrographs. 
Measurements were made on micrographs using a 
magnifying glass. The final magnification of the 
prints was about 200,000 times. The procedure of 
Goldsmith (47) was used to correct the distorted 
distribution observed on the freeze-fracture 
replicas. 
individual human milk samples into three types 
with respect to renning-coagulability. In the 
presence of 15 mmol CaCl2, some of the casein 
preparations (0.5 %, pH 6.0) coagulated distinct-
ly, others just became turbid and some showed 
intermediate behaviour. The relatively low con-
centration and small size of the casein particles 
may explain in part the absence of a continuous 
three-dimensional network of casein micelles 
comparable to that of cow•s milk. It has already 
been demonstrated by Kreidl and Neumann (78) by 
means of the ultramicroscope that the combined 
action of ~cid and rennin accelerates the 
aggregation process of the small casein particles . 
Acid coagulation 
The behaviour of human milk towards acid is 
also different from that of cow•s milk and milk 
of other species. Human milk does not always 
flocculate at pH 4.6 (2) and it has a small buffer 
capacity (60). The difference in buffer intensity 
is illustrated in Fig. 22. Between pH 6.5 and 
7.0 the buffer intensity of human milk is only 
about half that of cow•s milk. Toyoda and Yamau-
chi (121) classified human milk into three types 
with respect to acid-coagulability, i.e. acid-
coagulable type and acid-noncoagulable types I 
and II. More than half of the 54 milk samples 
tested did not form distinct coagulation of 
casein at pH 4.6. There was no significant 
38 
human milk cow 's milk 
7 days p p 140 days p p 
80 80 80 
dn· 9 1nm d0 • 14nm d0 • 21nm 
* ~ 60 60 60 
I 4o 40 40 
QJ 
"E 
~ 20 20 20 
0 ~ 0 l 0 rh. 
0 100 0 100 0 100 200 
* 60 dv " 12 nm 60 dv 26nm 60 dv 50 nm 
~ dvs - ll nm dvs 49nm dvs " 94 nm c5 - 60 % c5 - 13 % c, - 0 67 % 
140 40 40 
~ 20 20 20 ~ 
0 ~ 
0 100 100 100 200 
diameter. nm diameter. nm diameter, nm 
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The apparent size distributions observed on 
micrographs of freeze-fractured specimens were 
transformed into .. true•• size distribution using 
the method of Goldsmith (47). The histogram for 
the 7-day post-partum sample is typical for col-
ostrum but can also be observed for some samples 
of mature milk. 
relationship between acid coagulability and the 
components of casein observed by polyacrylamide 
gel electrophoresis. The acid-noncoagulable type 
only showed a tendency to have less B-casein (6). 
The different microstructure of acid coagulated 
human and cow•s milk is apparent from Fig. 23. 
This figure also shows the acid presipitate of a 
breast milk substitute (NanR, Nestle, Switzerland). 
The preparations were made in our laboratory by 
adjusting the pH of the milk to 4.0, fixing and 
embedding of the sediments as described in the 
legend to the figure. The sediments obtained from 
breast milk showed a less compact structure of 
aggregated casein particles when compared to cow•s 
milk. Furthermore, association of fat globules 
with caseins was more pronounced in breast milk 
and NanR than in cow•s milk. In vivo studies of 
the behaviour of breast milk in the stomach of 4 
to 7 day old infants revealed macroscopically 
only a fine flocculation after the meal (51). 
Surprisingly, the microstructure of the milk had 
not changed in the stomach, even more than three 
hours after it had been ingested. The casein par-
ticles and fat globules were still intact, as 
judged from electron micrographs of thin sections. 
In contrast to human milk, the casein micelles of 
sweetened and condensed milk and, to a lesser 
extent, NanR, agglomerated into large flakes after 
contact with gastric juice. 
Particulate constituents of human milk 
days post partum 
Fig. 21. Average diameter of human casein 
micelles at different stages of lactation. 
(dv = volume-average diameter, dvm = volume 
moment mean diameter, see appendix. 
Table 7 : 
0.03 
0.02 
:I: 
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Fig. 22. Buffer capacity curves for human and 
cows 1 milk. 
100 ml samples of whole milk were titrated with 
portions of 1.0 ml (human) or 2.0 ml (cow) 0.2 M 
HCl. The changes in pH were measured l minute 
after addition of the acid and the buffer capacity 
(dB/dpH) calculated according to the equation in 
reference ( 60). 
Ranges of some parameters of the colloidal casein dispersion in human and COW 1 S milka 
Parameter Unit Human milk Cow 1 s milk 
Casein concentration g/100 ml 0.2 - 0.5 2.2 - 2.8 b 
Casein composition : c\: B: K ratio rv l 7 3b rv l 0.8 : 0.3 
Ca 
micellar : p micellar ratio o:2 -·6c 2.2 - 2.8d 
Total number of micelles Ntot per ml rv7·l015e rv7·lo
15e 
Average micelle diameter d nm 8 14 21 24f 
n 
- 50 f d nm 10 - 26 44 v 
lOOf d nm 11 - 55 90 -
vs 
140f d nm 16 - 88 104 -
vm 
l.Of Distribution width c % of d 1.3 - 6.0 0.6 -s vs 
4.0f Volume fraction v % (v/ ) 0.3 - 0.8 2.0 -
v 
Vo 1 umi nos ity 3 7.8g 4.0h (from viscosity data) u em /g 3.7-
Submicelles i d 6 - 8 10 - ll : nm n 
d nm 7 - 9 ll - 12 
v 
d 
vs 
nm 8 - 10 12 - 13 
d 
vm 
nm 9 - 12 13 - 14 
cs % of d vs 3 - 5 2 - 3 
aData without reference are from the authors 1 laboratory; parameters of the size distribution by 
electron microscopy (freeze-fracturing ~echnique). bEstimated from data of Fontaine (38) (human milk) 
and Davies & Law (33). csee Fig. 15. Calculated3from data of Schmidt et al. (116) and Jenness (65). 
eEstimated according to the equation Ntot ~ 6.v/~.dn, using dn values of ll nm and 22 nm, and volume 
fractions v = 0.005 and 0.04 for human and cow 1 s milk, respectively. fcalculated and compiled from data 
of Schmidt et al. (116, 117). gFrom Sood et al. (112). hFrom Walstra (125). 1 For uncertainty in di-
ameter values for submicelles see comment in text. 
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Cellular components 
The largest particles in colostrum and milk, 
which may easily be sedimented at low centrifugal 
forces, are found among the cellular constituents. 
Typical micrographs of sediments obtained by low 
speed centrifugation (50-100 x g) of human and 
cow's milk are shown in Fig. 24. Some of the soma-
tic cells are considered to play an important role 
in transferring specific and nonspecific host re-
sistance factors to the neonate (reviewed e . g. in 
ref. 13, 64 and 101). The cells are comprised main-
ly of varying proportions of leukocytes, epithelial 
cells and "foam cells" (so called because of the 
vacuolated cytoplasm (27)). A sharp decrease in 
the total number of cells is usually observed 
throughout the course of lactation. In colostrum 
the mean total number of cells is around 3 ·106/ml 
( 30, 31, 57, 95, 111). It then decreases during 
the first post partum week to below 105/ml and 
further declines with progressing lactation. Total 
cell counts between 104/ml and 105/ml have been 
reported for milk samples obtained 6 months post 
partum (57, 95). The leukocytes consist of varying 
proportions of macrophages, polymorphonuclear 
leukocytes and lymphocytes (30, 57, 111). The 
lymphocytes comprise approximately equal amounts 
ofT and B cells (34). The relative amounts of 
each type at various stages of lactation, as re-
ported by Ho et al. (57), are shown graphically in 
Fig. 25. These authors classified the mononuclear 
phagocytes into small macrophages, 8 - 20 ~m in 
diameter, and large macrophages, 20- 40 ~m in di-
ameter (including the "corpuscules of Donne" or 
foam cells (27)). In random samples a rise in the 
mean fraction of macrophages from 49 % to 72 % 
during the first week was accompanied by fall of 
the fraction of polymorphs (44 % to 20 %). In the 
study of Ho et al. (57) the mean percentage of the 
lymphocytes was 5 - 7 % and did not change sig-
nificantly during the first week, but Ogra and 
Ogra (95) observed a parallel decrease of total 
cells and lymphocytes during the same period. The 
epithelial cells, typically 15 - 20 ~m in diameter, 
were only found in small numbers at the beginning 
of lactation, but became the predominant cell type 
after 2-3 months (57). After 6 months more than 
80 % corresponded to epithelial cells. Various 
cytochemical and electron microscopic studies on 
the structure of colostral and breast milk cells 
have been published (e.g. 27, 30, 31, 57, 111). 
Human milk is not sterile even when collected 
with great care. It normally contains bacteria 
originating mainly from the skin and duct micro-
flora of the nipples (4, 12). If not collected 
aseptically, it may contain large numbers of bac-
teria and yeast cells (4, 12, 88, 130). Donated 
human milk ia usually considered acceptable if 
less than 10 colony forming units per ml are 
present (4, 88). In expressed milk the microbial 
contamination is greatest during the initial flow 
(first 5- 10 ml) and then drops to about 102/ml 
103/ml (4, 130). Although human milk has intrinsic 
antimicrobial properties (13, 85), high numbers of 
bacteria in donated milk may exceed the bacteria-
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static capacity and milk may become a source of 
infection if contaminated with pathogenic bac-
teria. 
Conclusions 
Despite the vast amount of literature on human 
milk there is a shortage of information on the 
microstructure of this complex biological fluid. 
Much more research on structural aspects of milk 
constituents has been done on cow's milk. However, 
renewed interest in feeding breast milk (also in 
the case of preterm infants), development of new 
experimental techniques, as well as accumulation 
of data will probably increase greatly our know-
ledge of human milk in the near future. In 
electron microscopy the application to milk of 
rapid freezing techniques, especially, the jet-
freezing technique, is most promising, because it 
allows one to study the ultrastructure of milk 
without any chemical pretreatments. 
The data available on the particulate milk 
constituents indicate considerable compositional 
and structural variations. The composition and 
structure of the dispersed lipid phase, for 
example, not only changes during lactation, but 
also diurnally and during a single feed. The col-
loidal casein dispersion also shows great individ-
ual and lactation dependent variations. These 
variations must be considered when sampling human 
milk and interpreting data with incomplete sampling 
protocols. 
The situation concerning the particulate con-
stituents is quite different in human and cow's 
milk. The mean size of fat and casein particles, 
for example, changes differently during lactation. 
Also, some analytical methods developed for cow's 
milk do not give reliable results if applied to 
human milk. 
Relatively little is known about the influ-
ence of technological treatments of human milk on 
its particulate components and still less of their 
behaviour in the stomach and intestine. We believe 
that these aspects deserve more attention in future 
research. 
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Particulate constituents of human milk 
Fig. 23. Microstructure of acid coagulated human 
milk (a), humanized milk formulae (NanR (b)) and 
cow 1 s mi l k (c) . 
The cow 1 S milk was diluted with 8 volumes of 
whey to obtain a casein concentration similar to 
that in breast milk. The milk was acidified with 
glutaraldehyde/acrolein and Os04. The sediments 
obtained were then dehydrated and embedded in a 
conventional manner for thin-sectioning. 
c : casein, f : fat globules, fm : fat globule 
membrane. 
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Fig. 24. Micrograph of leucocytes in sediment 
from human (a) and cow 1 S milk (b) and SEM-
micrograph of sediment obtained from mature 
human mi 1 k (c) . 
(Micrographs a and b courtesy Dr M. Schallibaum, 
Federal Dairy Reserarch Institute, Liebefeld). 
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Fig. 25. Cell counts on serial samples of human 
colostrum and milk as a function of time (d=days, 
w=weeks). 
(Data from Ho et al. (57); samples of 18 individuals 
obtained by manual expression into sterile bottles. 
Predominantly Chinese population. Points in the 
graph correspond to average numbers of fractions 
over the period indicated on the abscissa). 
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Appendix 
Symbols and equations used to characterize the 
particle size distributions 
The various moments of the distribution 
functions, Sn, were calculated using the number of 
particles of each size class per unit volume, Ni, 
and the mean diameter of the corresponding size 
class, d., according to the following equation : 
1 
n-th moment of the distribution functions : 
J -
s = L: cf.L . N. [1] 
n i=l 1 1 
From these moments various parameters character-
izing the mean size of particles were obtained (56): 
Number mean diameter dn s1;s0 [2] 
Volume mean diamater d S /S l/3 [3] 
v 3 0 
Volume/surface mean diameter : dvs s3;s2 [4] 
Volume moment mean diameter : dvm s4;s3 [5] 
dn and dv are sensitive to errors at both ends of 
the distribution function and to the total number 
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of particles (S9). The total number and the 
fraction of sma lest particles are usually not 
known precisely. Furthermore, the largest part 
of the volume or weight is represented by the 
larger particles. Therefore, d or d , as 
weighted mean diameters are mo~~ usef~~ averages. 
The distribution width can be described on the 
basis of the coefficient of variation of the 
surface-weighted distribution (126) : 
l/2 
Distribution width : cs = (S2 s4 IS~- 1) [6] 
The total surface and volume of the dispersed 
particles can be calculated from the second and 
third moment of the distribution 
Surface area A 7T • 52 [7] 
Specific surface area a = 6 • 0 
·S2/S3 [8] 
( 0 = particle density) 
Volume fraction : v = 1/6 7T • 53 [9] 
The volume fraction of a dispersion can also be 
estimated by measuring the area fraction of a 
random section occupied by transections of the 
particles (Delesse principle (128)) 
Volume fraction from 
random sections v = 1/4 . 7T 
j 
L: 
i = 1 
· x~ · n. [ 1 0 J 
1 1 
(xi : mean diameter of size class i, ni number 
of cross-sections in size class per unit area). 
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Discussion with reviewers 
D.G. Schmidt : From Figs. 14 and 21 it is concluded 
that the size of the micelles increases during 
lactation , which is ascribed to the lowering of 
the citrate level. Although a lower citrate content 
of milk does result in bigger micelles1 the effect 
is much less than shown in Fig. 21 (Schmidt et al. 
(1979), 33, 40). Is it not more likely that varia-
tions in~-casein content are responsible for the 
increase of micelle size ? I further wonder 
whether the high K-casein content of 20 - 27 % of 
whole casein is real or some average value. With 
cow's casein such high K-casein content would hard-
ly result in micelle formation (ref. 116). 
R.L.J. Lyster : The decrease in citrate concentra-
tion during lactation that you have found and shown 
in Figure 13 is accompanied by an increase in 
micellar casein (Fig . l4),and you indicate that 
these may be directly linked. Is this really like-
ly, in view of the much higher levels of citrate 
in cow' s mi lk ? 
Authors : We should generally consider that the 
composition of human and cow's milk casein par-
ticles is completely different and so conclusions 
drawn from cow's milk may not be directly applicable 
to human milk. Various factors could account for 
the increase in average micelle size in human milk 
during the course of lactation. We have mentioned 
the citrate as one of the possible factors because 
corresponding analysis were made in our laboratory 
and because of the correlation with the micellar 
calcium content. We have not yet investigated the 
casein components, which also could affect the 
degree of association of casein submicelles. Very 
few numerical values for the K-casein content of 
human milk have been reported so far. The ranges 
of K-casein content given in recent reviews on 
human milk protein are mainly based on the results 
obtained by Toyoda and Yamauchi (Agr. Biol. Chern. 
37, 783 (1979), see for examples review papers (To), (38) and (65). The ratio B-casein : K-casein 
is approximately the same in human and cow's milk. 
D.E. Carpenter : As you have pointed out in several 
figures, there is an increase in micellar casein 
in the later stages of human lactation. As 
suggested this may be due to decreasing citrate 
levels. Perhaps this could have a functional/nu-
tritional basis such as an increased ability of 
·infants to digest the micellar casein as they 
mature. Would you care to comment on this ? 
Authors : In addition to the citrate, many other 
milk components decrease in the course of lacta-
tion (for example : proteins, Ca, Fe, Cu, Zn, 
cells, etc.). It is likely that these changes 
have a nutritional basis and correlate with the 
development of digestive functions. One could 
47 
speculate that a very fine dispersion of casein, 
which exhibits a large surface area, facilitates 
the attack by enzymes and favors intestinal re-
sorption. On the other hand, the casein concen-
tration in human milk is very low and in vivo 
studies (51) have shown that human milk does not 
form a compact coagulum, in contrast to cow's 
milk. Royer (Acta Paediatr. Scand. ~. 554 (1978)) 
reported that the rate of digestion of casein is 
almost identical in infants (l g/kg/h) and adults 
(l .6 g/kg/h), but he did not comment on the rate 
of digestion during the early postnatal period. 
W. Buchheim : What is the authors' interpretation 
of the finding that a certain percentage of the 
milk lipids seems to be associated with the casein 
particles ? Could this result from a type of 
association between casein and lipids as it occurs 
in homogenized milk, i.e. a direct absorption of 
casein by 'uncoated' fat globules, or could this 
result from those fat globules which contain cyto-
plasmic material, i.e. also casein containing 
secretory vesicles, between the fat core and the 
fat globule membrane ? 
Authors : Caseins easily associate with lipid 
material. This is, for example, demonstrated in 
Fig. Be. It is likely that casein-fat complexes 
are formed after secretion which have a higher 
density than the milk serum and thus sediment 
during centrifugation. Other milk proteins with 
re latively large hydrophobic surface areas, for 
example B-lactoglobulins, are also associated 
with lipids after fractionation by precipitation. 
Lipids associated with membranes of skim milk can 
also sediment along with casein micelles. It has 
been reported that 10 to 25 % of the membrane 
material in skim milk is entrapped in the casein 
pellet after ultracentrifugation (119). 
W. Buchheim : It is described that in acid pre-
cipitates of breast milk, breast milk substitute 
and cow's milk the association is more pronounced 
in the first two samples than in cow's milk. The 
result for the substitute is not surprising, be-
cause it represents a homogenized system. What 
factors could be responsible for the pronounced 
precipitation of fat globules in breast milk ? 
Authors : We must remember that human milk has a 
very low casein content and that in many cases, 
the casein is finely dispersed. Under these con-
ditions, an association of destabilized casein 
particles and fat globules seems to occur with 
a greater probability than in cow's milk. 
